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The copolymerization of thiophene and fluorene starting from a mixture of both monomers is 
investigated. It is shown that these monomers are incapable of copolymerizing using a Kumada 
catalyst transfer polycondensation. However, when the Pd(RuPhos)-protocol is used, this 
copolymerization is enabled and gradient copolymers are obtained. This protocol is applied to 
synthesize a series of 6 polymers with varying monomer feed and the properties of these gradient 
copolymers are investigated. This new class of materials, which was previously inaccessible using 
other catalysts, shows unique properties compared to the block copolymer analogues. 
 
INTRODUCTION 
Conjugated copolymers containing fluorene are a very interesting class of materials for organic 
light-emitting diodes and photovoltaic applications.1 Up to now, these polymers were often 
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synthesized via step-growth polymerization, which lacks control over molar mass, dispersity and 
end-groups.2–7 When Yokozawa8 and McCullough9 independently discovered the controlled 
chain-growth nature of the Ni-catalyzed polymerization of 5-chloromagnesio-2-bromo-3-
hexylthiophene, it cleared the path for the synthesis of a variety of conjugated polymers with 
enhanced control. Not only poly(thiophene)10–14, but also poly(phenylene)15,16, poly(pyrrole)17,18, 
poly(fluorene)19–21, poly(selenophene)22,23, poly(cyclopentadithiophene)24 and 
poly(benzotriazole)25,26 were synthesized using such type of controlled polymerization, as well as 
block copolymers of the aforementioned.2,3,20,27–30 The association of the catalyst to the polymer 
chain, allowing it to “walk” over the chain, was found to be at the origin of the controlled nature 
of these polymerizations.14,31 Because of this association, the catalyst does not diffuse away after 
the reductive elimination. It only participates in an intramolecular oxidative addition, hence 
converting this polycondensation into a chain-growth process. This concept of a ‘catalyst transfer 
polymerization’ (CTP) found many applications in the polymerization of various monomer 
systems, and resulted in much more convenient synthetic pathways towards block copolymers. 
However, problems arise when block copolymers with a specific order of addition or random 
copolymers are desired. Each monomer has different electronic properties and, as a consequence, 
a different affinity towards the catalyst. Because association is key in CTP, this difference in 
affinity can have detrimental effects on the polymerization. When the catalyst is associated to an 
electron-rich monomer, the transfer towards a monomer with less π-donor ability is difficult. This 
is the reason why block copolymerizations can only be successful when the more electron-rich 
monomer is added last (eg. poly(phenylene)-b-poly(thiophene) instead of poly(thiophene)-b-
poly(phenylene))30,32, and it often complicates the synthesis of random copolymers via simply 
mixing both monomers and adding the catalyst. As a consequence, most random copolymers that 
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are synthesized in a controlled way, consist of two monomer with similar properties, such as 
thiophenes with different side-chains.31,33–35 Another option is  the synthesis of biaryl or even 
larger monomers.36–39 However, this generally results in a limited amount of possible copolymers, 
and requires lengthy monomer synthesis.  An alternative solution can be found by using another 
pathway towards a controlled polymer synthesis. Instead of  relying on the association of the 
catalyst, the Pd(RuPhos)-protocol depends on deactivation of the monomers.40,41 In this protocol, 
bromo-bromozincio monomers are used, in combination with a Pd catalyst. The electron-donating 
organozinc group on the monomer deactivates the C-Br bond for oxidative addition with 
Pd(Ruphos). Hence, the monomers in solution are unable to react with the catalyst. The 
polymerization only starts when an initiator is added. This is typically a monomer without 
deactivating organozinc moiety, which can therefore undergo oxidative insertion with the Pd. Then 
the catalytic cycle with transmetalation, reductive elimination and oxidative insertion takes place. 
The oxidative insertion only occurs at the end of a growing polymer chain, because the deactivating 
organozinc moiety has reacted once a monomer is built in. In this type of polymerization, 
association of the catalyst to the polymer chain is not important.. Although it was found that some 
association generally takes place, the catalyst also diffuses away from the chain. However, this is 
not detrimental for the polymerization because the catalyst is stable in solution, and no side-
reactions can occur because all monomers are deactivated. It is clear that this type of 
polymerization is much more suited  to obtain random copolymers of two monomers with differing 
electronic properties.  
Fluorene has shown much potential thanks to its highly fluorescent properties, and combinations 
with thiophene showed that energy transfer could occur between both.42 However, these polymers 
are all either synthesized via step-growth polymerization2–7, or they are synthesized using CTP, 
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but then only the synthesis of block copolymers27,28 or alternating copolymers using biaryl 
monomers36 is investigated. We hypothesize that the differing affinity of thiophene and fluorene 
with respect to the Ni-catalyst does not allow for other variations, since growth of the polymer is 
likely to be discontinued when fluorene is built in after a series of thiophene monomer. As 
mentioned, the Pd(RuPhos)-protocol is expected to eliminate these issues, as it is not dependent 
on catalyst association. As a consequence, it is independent of the nature of the monomers and 
should be able to copolymerize thiophene and fluorene monomers. This hypothesis is further 
supported by the fact that Verswyvel et al. have been able to synthesize block copolymers of these 
monomers in both direction, i.e. not only poly(fluorene)-b-poly(thiophene), but also 
poly(thiophene)-b-poly(fluorene).40 The possibility to synthesize other copolymers of these two 
monomers is interesting, since research has shown that random or gradient copolymers tend to 
display a different set of properties compared to their block copolymer analogues. Especially 
gradient copolymers show unique solid state properties and phase behavior, which can be 
interesting for applications such as solar cells, transistors or light emitting diodes. Furthermore, 
they show good phase-compatibilizing properties when added to a mixture of the 
homopolymers.43–45 However, the number of gradient copolymers synthesized via a controlled 
polymerization is limited, for exactly the same reason as described above for random copolymers. 
Using CTP, only very similar monomers can be copolymerized, because otherwise difficulties 
arise with the cross-propagation. As a consequence, only thiophene/thiophene44,45 and 
thiophene/selenophene43 gradient copolymers have been synthesized so far. Because of the great 
similarity between the monomers, their reactivity was also found to be very similar and gradient 
copolymers could only be achieved via syringe pump addition of one of the monomers during the 
polymerization.  
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RESULTS AND DISCUSSION 
Random copolymer synthesis via CTP. First, the ‘classic’ CTP mechanism was used to 
investigate the effect of the differing affinity of the catalyst towards both monomers on the 
copolymerization of thiophene and fluorene. To this end, 2-bromo-5-chloromagnesio-3-
alkylthiophene and 2-bromo-7-chloromagnesio-9-dialkylfluorene were combined in a 50/50 ratio 
and added to the catalyst, Ni(dppp)Cl2 (Scheme 1).  
Scheme 1. Random copolymerization of thiophene and fluorene monomers via the CTP 
mechanism using Ni(dppp)Cl2. 
After 1 hour, the polymer was precipitated in methanol. Although the precipitation clearly 
indicated that polymer was indeed formed, its purple color already suggested that mostly thiophene 
was incorporated in the polymer chain. Analysis of the filtrate indeed showed that almost 
exclusively fluorene monomer was left unreacted in a substantial amount. These observations were 
further confirmed by 1H NMR analysis of the polymer (Figure S1). It is calculated that this polymer 
contains only 13% fluorene, despite the fact that 50% was present in the monomer feed. As a 
consequence, it is concluded that the formation of a  random thiophene/fluorene copolymer from 
a mixture of both monomers is not possible using CTP. Consequently, the attention is shifted to 
the Pd(RuPhos)-protocol. 
Monomer synthesis. Precursor monomers 1 and 2 are synthesized equivalent to literature 
procedures.41,46 Both are equipped with a chiral side-chain, enabling a more thorough investigation 
of the aggregation behavior. To convert these precursor monomers to the actual monomers used 
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in the polymerization, first a Grignard metathesis with either tBuMgCl (thiophene) or tBu3MgLi 
(fluorene) is used, after which transmetalation with dried ZnBr2 is performed (Scheme 2). It is 
essential to work in very dry conditions, since protonated monomer will act as a transfer agent in 
Pd(RuPhos) polymerizations.  
 
Scheme 2. Conversion of the precursor monomers 1 and 2 to the monomers used in the 
Pd(RuPhos) polymerization (1’ and 2’) via Grignard metathesis and transmetalation with ZnBr2. 
Polymer synthesis. Once the monomers are prepared, they are combined in different ratios and 
added to the catalyst (Scheme 3). The molar mass and dispersity is shown for each polymer in 
Table 1. Monomer conversions of around 75% are typically observed. 
 
 
Scheme 3. Synthesis of the thiophene/fluorene copolymers via the Pd(RuPhos) protocol. 
The 1H NMR spectra of all polymers are shown in Figure 1. Making use of the α-methylene 
protons, it is determined that – in contrast to the polymerization with Ni(dppp)Cl2 - the monomer 
feed used corresponds well to the composition found in the polymer (Table 1). Hence, it is shown 
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that the polymerization of a thiophene/fluorene monomer mixture is enabled via the Pd(RuPhos) 
protocol, and that both monomers are indeed incorporated in the process, something which is not 
possible via catalyst transfer polymerizations.  
 
Table 1. Aimed (𝒂𝒕𝒉) and obtained (𝒂𝒆𝒙𝒑) monomer ratios, Number average molar mass (?̅?n) and 
dispersity (Ð) of the copolymers. 
 
 
 
 
 
 
 
 
 
Pol 𝒂𝒕𝒉 𝒂𝒆𝒙𝒑 
?̅?n 
(kg/mol) Ð 
P1 0.00 0.00 8.9 1.5 
P2 0.20 0.24 5.2 1.6 
P3 0.40 0.48 4.2 1.5 
P4 0.60 0.61 4.6 1.5 
P5 0.80 0.76 5.3 1.5 
P6 1.00 1.00 6.1 1.5 
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Figure 1. 1H NMR spectrum of the thiophene/fluorene copolymers.  
Lewis-Mayo analysis. Now that the monomer ratio is established in all polymers, the next 
question is whether the polymers are blocky, have a gradient or are fully random copolymers. This 
can be determined by making use of a Lewis-Mayo plot. In this plot, experimental data are fitted 
with the Lewis-Mayo equation, shown below for copolymerization of monomers A and B. 
𝐹𝐴 = 1 − 𝐹𝐵 =
𝑟𝐴𝑓𝐴
2 + 𝑓𝐴𝑓𝐵
𝑟𝐴𝑓𝐴
2 + 2𝑓𝐴𝑓𝐵 + 𝑟𝐵𝑓𝐵
2 
In this equation, 𝑓𝐴 and 𝑓𝐵 represent the fractions of monomer A and B in the monomer feed, 
while 𝐹𝐴 and 𝐹𝐵 represent the fractions of A and B in the increment polymer, which corresponds 
to the composition at low conversion. This last part is essential, because only the situation at low 
conversion shows which monomer is being built in preferentially. rA and rB, the values which are 
determined via the plot, are given by the following equations. 
𝑟𝐴 =
𝑘𝐴𝐴
𝑘𝐴𝐵
 
P1 
P2 
P3 
P4 
P5 
P6 
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𝑟𝐵 =
𝑘𝐵𝐵
𝑘𝐵𝐴
 
kAA is the rate constant for reaction of monomer A at the polymer chain end with another 
monomer A, while kAB gives the rate constant of the same polymer chain end reacting with 
monomer B. Hence, the ratio between both, rA, shows which monomer is preferably incorporated 
when monomer A is located at the polymer chain end. Similarly, rB gives the ratio of the rate 
constants for reaction of a polymer chain with B at the chain end for reaction with another 
monomer B (kBB) or monomer A (kBA).  
To be able to make the Lewis-Mayo plot, the polymerization is repeated but quenched at low 
conversion using acidified THF. Furthermore, an internal reference (1,2,3-trimethoxybenzene) is 
added to the monomer mixtures to be able to determine the depletion of both monomers via GPC 
analysis. By comparing the GPC spectrum of each monomer mixture with the one from the 
quenched polymerization, the fractions of monomer incorporated into the polymer at low 
conversion can be determined. This resulted in the Lewis-Mayo plot shown in Figure 2.  
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Figure 2. Lewis-Mayo plot for the thiophene/fluorene copolymerization. The data points obtained 
for fA=0.8 are not included, since they were repeatedly obtained at too high conversion (~30%). 
Since it was found that the polymerization rate was very high, the polymerizations were all 
quenched within 10s after all monomer was added. However, for P5 (80% thiophene monomer) 
the polymerization rates were found to be so high that quenching at conversions lower that 25% 
was not possible. Even after immediately adding acidified THF after transfer of the monomer, 
sufficiently low conversions could not be obtained. Therefore, the datapoint is not included to 
determine rA and rB. The least square fit gave following results for rA (thiophene) and rB (fluorene): 
𝑟𝐴 = 5.0 ± 0.9 
𝑟𝐵 = 0.8 ± 0.1  
This means that when a thiophene is present at the end of a polymer chain, reaction with another 
thiophene monomer is 5 times faster than reaction with a fluorene monomer. If we assume, for 
example, that fluorene and thiophene are present in equal amounts, this corresponds to a 83% 
chance of thiophene becoming the next repeating unit. When a fluorene monomer is at the end of 
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a chain, again it is slightly more likely for a thiophene to be the next monomer (55%). This data 
could be linked to the fact that Verswyvel et al. also found the polymerization of thiophene to 
proceed much faster than the fluorene polymerization using the Pd(RuPhos) protocol. As a 
consequence, mostly thiophene is incorporated in the beginning of the polymer chain. Fluorene is 
built in at the end of the polymerization upon depletion of the thiophene monomer, resulting in a 
gradient type of copolymer. Because there is a large difference in rA and rB, the composition of the 
polymer is  highly dependent on the conversion. This further supports our choice to not include P5 
to calculate the Lewis-Mayo least square fit, since the conversion was considerably higher for that 
sample.  
To overcome the problem of the very fast polymerization for P5, inhibiting the acquisition of 
that data point for the Lewis-Mayo plot, the entire experiment was repeated at 0°C. Because of the 
lower temperature, all polymerizations slowed down considerably and data point could be obtained 
for all monomer feeds (Figure S4). At 0°C, rA equals 4.6 ± 1.0 and rB equals 0.95 ± 0.2. These 
values are slightly lower than the ones obtained at 25°C, although the differences fall within the 
error margins.  
Predicted molecular structure. To verify how the difference in reaction rates affects the 
polymers with varying monomer feeds, the instantaneous polymer composition with conversion is 
calculated using the equations developed by Skeist47 and further elaborated by Mayo and 
Walling.48 These calculations predict that the polymer composition varies substantially with 
conversion, and that the effect thereof on the resulting molecular structure also largely depends on 
the initial monomer feed (Figure 3). 
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Figure 3. Instantaneous polymer composition (thiophene fraction FA) versus conversion and 
monomer feed (thiophene fraction fA).  
First of all, these calculations again illustrate the general trend that thiophene monomers 
incorporated more than proportional at low conversion. Graphically this can be concluded by all 
data points lying above the diagonal in the plane at 0 % conversion. As the polymerization 
proceeds and depletion of the thiophene monomer occurs, more and more fluorene is built in, 
resulting in polymer chain ends consisting largely of fluorene sequences. This is demonstrated by 
all data points lying below the diagonal in the plane at 100% conversion.  
To get an idea of the molecular structure for each polymer (P1 to P5), the instantaneous polymer 
composition should be evaluated going from 0 to 100% conversion at the respective monomer 
feed. (Note that this is only true for controlled chain-growth polymerizations, where all chains are 
initiated simultaneously at the beginning and then grow continuously during the polymerization.) 
For the polymer with a large excess of thiophene monomer in the feed (P5, fA=0.8), a clear 
transition can be observed. Almost exclusively thiophene monomer is built in up to around 70% 
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conversion (FA slowly decreases from 0.95 at 0% conversion to 0.82 at 70% conversion), after 
which fluorene starts to be incorporated substantially as well (steep drop in FA to 0.24). As a 
consequence, a quite blocky structure is expected for this polymer, but with a relatively short 
fluorene block because the latter is present in much smaller amounts. A similar trend is observed 
for P4 and P3, but it is systematically less pronounced. As a consequence, the blockiness 
diminishes and a gradient structure is expected for these copolymers. When a large amount of 
fluorene is present in the monomer feed (P2, fA=0.2), depletion of thiophene occurs quite fast and 
almost exclusively fluorene is built in at higher conversions. Hence, P2 is again expected to show 
a more blocky structure, but now with a large fluorene block. To conclude, while gradient 
copolymers are always obtained, we expect that both P2 and P5 show a more blocky structure 
compared to the others (P3 and P4). 
 
1H NMR analysis. To verify the molecular structure of the polymers, the 1H NMR spectrum is 
again considered, with a focus on the aromatic region. Although a determination of the randomness 
purely based on this NMR is not possible because of the abundance and overlap of peaks arising 
from the fluorene monomer, it is possible to get some qualitative information (Figure 4). The 
homopolymers provide spectra showing only thiophene-thiophene or fluorene-fluorene couplings, 
enabling an easy assignment of these peaks in other spectra. If a block copolymer is formed, the 
spectrum resembles a summation of the spectra of the respective homopolymers, taking into 
account the relative abundance of both and keeping in mind that some extra peaks would arise 
from the link between both blocks. If, on the other hand, a random copolymer is formed, the large 
amount of thiophene-fluorene and fluorene-thiophene cross couplings results in a much larger 
variety of peaks in the aromatic region. Applying this to the set of copolymers, it is observed that 
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P2 and P5 indeed largely resemble the homopolymers (P1 and P6, respectively), indicating that a 
fluorene block for the first, and a thiophene block for the latter is present. While the signal of the 
fluorenes is also clearly visible for P5, the peak at 6.97 ppm assigned to thiophene-thiophene 
couplings is not present for P2. Hence, an actual thiophene block is not present for this polymer, 
it is simply incorporated along with the fluorene at low conversion until fluorene takes over upon 
depletion of the thiophene monomer. Similarly, also the ‘fluorene block’ in P5 is expected to still 
contain thiophene monomer. The intermediate situation (peaks arising from both homocouplings 
and cross couplings) observed for P3 and P4 suggests the formation of gradient copolymers 
  
Figure 4. Aromatic region of the 1H NMR spectra of the polymers. 
Optical properties. The picture painted by the theoretical calculations and 1H NMR analysis is 
confirmed by the optical properties observed for these polymers. Comparison of the absorption 
spectra of these polymers in CHCl3 solution (Figure 5) with the ones for poly(fluorene)-b-
poly(thiophene)27 and alternating copolymers (but with varying amounts of thiophene in the 
repeating unit)3, clearly demonstrates more resemblance with the block copolymer. A shift in λmax, 
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as would be expected for a random copolymer, is hardly observed and the fluorene and thiophene 
sequences appear to be absorbing light more or less independently from each other. Nevertheless, 
the bimodal absorption spectrum observed for the actual block copolymer is not that pronounced 
for most copolymers, again evidencing the formation of gradient copolymers. The only exception 
is P5, which does show a clear bimodal absorption spectrum. This is in agreement with the 
expectation that this polymer would have the most blocky structure.  
300 350 400 450 500 550 600
0
10
20
30
40
50
60
70
80

(L
g
-1
c
m
-1
)
Wavelength (nm)
 P1
 P2
 P3
 P4
 P5
 P6
 
Figure 5. Absorption spectra of the thiophene/fluorene copolymers in CHCl3 (c=40 mg/mL).  
The fluorescence of the polymers, shown in Figure 6, also shows independent fluorescence of 
thiophene and fluorene sequences. Again, this is most pronounced for P5. For the other 
copolymers, slightly enhanced fluorescence in the region around 500-520 nm is observed, which 
might be attributed to the fluorescence of thiophene-fluorene mixed species present in the gradient 
copolymer. A clear enhancement of the fluorescence of polythiophene in the copolymer with 
respect to the homopolymer is not observed, indicating that Förster transfer does not occur 
efficiently in these polymers. 
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Figure 6. Fluorescence of the thiophene/fluorene copolymers in CHCl3 (c=1.2 mg/L). The 
intensities are corrected for the different absorption at the excitation wavelength (𝝀𝒆𝒙=385 nm). 
Chiral self-assembly. The aggregation behavior of the polymers also reveals information on the 
structure of the materials. Stacking is in general significantly complicated upon formation of a 
random copolymer structure.38 As expected, homopolymers P1 and P6 show efficient stacking 
upon addition of methanol to the polymer solution in chloroform. This is evidenced by the shift in 
λmax in the UV-Vis absorption spectrum and the appearance of a large CD signal, which indicates 
the formation of chiral aggregates (Figure 7 and Figure S6). The most significant CD signal in the 
copolymers is found for P5, which clearly shows chiral stacking in the thiophene absorption 
region. Furthermore, it also shows a shoulder around 620 nm in the UV-Vis absorption spectrum, 
known to originate from long range order in the aggregates. This is again in agreement with the 
formation of a more blocky copolymer, of which the thiophene block starts to aggregate upon 
addition of methanol. P4 also shows some CD signal in this region, but only to a very small extent, 
indicating that an actual thiophene block is probably not present. P3 does not seem to stack 
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properly in bad solvent conditions, but for P2 again some CD signal can be seen in the fluorene 
absorption region from 350 to 450 nm. Although the signal is relatively small, this does indicate 
that after depletion of the thiophene monomer (only present for 20% in the monomer feed), a 
fluorene block capable of stacking, is formed.  
 
 
Figure 7. Absorption (above) and CD (below) spectra of all thiophene/fluorene copolymers in a 
90/10 Chloroform/Methanol solvent mixture. Spectra recorded for different solvent mixtures are 
given in the ESI (Figure S6).  
Solid state properties. Finally, melting and crystallization behavior of the polymers is 
investigated using DSC (Figure S7). Only for P6, regular poly(thiophene), clear melting and 
crystallization peaks are observed at 109°C and 44°C respectively. For P5, some small signal is 
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observed during heating, but it is ill defined. These observations were to be expected, as both 
polymers showed a shoulder at 620 nm in the absorption spectrum at high methanol content. 
 
CONCLUSION 
The copolymerization of thiophene and fluorene monomer mixtures in a controlled 
polymerization was attempted via a catalyst transfer polycondensation using Ni(dppp)Cl2. 
However, it was found that fluorene was hardly incorporated and poly(thiophene)-like polymers 
were obtained. This was ascribed to the fact that catalyst association is key in these types of 
polymerizations, and the reduced affinity of the catalyst towards fluorene with respect to thiophene 
is detrimental for the polymerization. On the other hand, the different association between the 
monomers and the catalyst is of no importance in the Pd(RuPhos) protocol, making it very flexible. 
When thiophene/fluorene monomer mixtures are copolymerized using this mechanism, the 
polymer composition corresponds well to the ratio used in the monomer feed. However, it was 
found that the polymerization of thiophene occurs much faster than the fluorene polymerization, 
resulting in gradient copolymers. In the beginning of the polymerization, thiophene is mostly built 
in and the largest part of the fluorene incorporation only occurs after depletion of the thiophene 
monomer. For the copolymer with 80% thiophene monomer in the feed, this resulted in a 
significant thiophene block in the polymer chain. The other polymers are better described by 
having a  gradient, although when only 20% of thiophene is present in the feed, almost exclusively 
fluorene can be found near the end of the polymer chains, resulting also in a fluorene block capable 
of stacking.. 
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